Abstract Osteoporotic patients have lower bone mass due to increased bone resorption by osteoclasts. The aim of this study was to investigate the cytotoxic and antiosteoclastogenic effects of geraniol, a natural monoterpene on human CD14+ monocytes (ex vivo) and murine RAW264.7 macrophages (in vitro) using alamar blue and tartrate resistant acid phosphatase staining respectively. The anti-osteoclastogenic activity of geraniol was further explored by analyzing its effects on actin ring formation and bone resorptive function of osteoclasts. Geraniol significantly (p < 0.001) inhibited osteoclast formation in CD14+ monocytes and RAW264.7 macrophages without cytotoxicity. Moreover, reduced osteoclastogenesis in these cells led to an arrest in actin ring formation and diminished bone resorption. Analysis of underlying molecular mechanisms revealed that geraniol alleviated NF-kB activity, an indispensable upstream modulator of osteoclast formation. Furthermore, expression of key osteoclastogenic genes such as dendritic cell-specific transmembrane protein (DC-STAMP) involved in cell-cell fusion and nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 (NFATc1), a master transcription factor essential for osteoclast differentiation was downregulated by geraniol. These observations indicate that inhibition of osteoclast differentiation is presumably one of the pharmacological properties of geraniol.
Introduction
Low bone mass and weakened bone tissue microarchitecture is one of the features of osteoporosis (Drake et al., 2015) . Compromised bone architecture not only increases the risk of fractures but also augments mortality risks. Bone remodeling occurs in an orchestrated manner where osteoblastic bone formation proceeds osteoclastic bone resorption during the lifetime of an individual (Hadjidakis and Androulakis, 2006) . Repair and maintenance of bone tissue homeostasis is critical for a healthy skeleton. An abrupt and unregulated increase in bone resorption disturbs the balance in bone remodeling often seen during several pathological bone diseases such as osteoporosis, periodontitis, arthritis, and cancer (Mundy, 1999) .
Osteoclasts are the sole bone-resorbing multinucleated cells of the body arising from the fusion of hematopoietic cells belonging to the monocyte/macrophage lineage (Boyle et al., 2003) . Receptor activator of NF-kB ligand (RANKL) is the key cytokine that regulates differentiation of boneresorbing osteoclasts (Soysa and Alles, 2009 ). Binding of RANKL to RANK on the cell surface of osteoclast precursors triggers downstream signaling events that lead to the induction of osteoclastogenesis (Wada et al., 2006) . Several studies have confirmed the critical role of the NF-kB signaling in the differentiation, function, and survival of osteoclasts in vitro and in vivo (Vaira et al., 2008a , Vaira et al., 2008b , Iotsova et al., 1997 . NF-kB activation is a key signaling event triggered by the osteoclastogenic cytokine RANKL to stimulate osteoclast formation (Soysa and Alles, 2009) . Accumulating lines of evidence suggest that abrupt activation of NF-kB pathway further contributes to pathological osteoclastogenesis, and pharmacological inhibition of NF-kB retards in vivo osteoclastogenesis and ovariectomy-induced bone loss (Strait et al., 2008) . Antagonists of NF-kB have been shown to prevent bone loss associated with estrogen deficiency in mice (Strait et al., 2008) , in animal models of rheumatoid arthritis (Dai et al., 2004) and in bone loss associated with cancer (Feng et al., 2007) .
Multinucleated osteoclasts express tartrate resistant acid phosphatase (TRAP) (Hayman, 2008) and attach to the bone matrix where they secrete lytic enzymes such as cathepsin K (CTSK) into the resorption lacuna surrounded by a tight sealing zone (Boyle et al., 2003) . The sealing zone is a hallmark feature of a functional osteoclast that segregates the resorptive microenvironment from the general extracellular space. Osteoclast specific lysosomal proteases play an important role in bone homeostasis, including the solubilization of bone matrix (Delaisse et al., 2003) . Cysteine proteases such as CTSK has been identified as a crucial protease involved in bone matrix degradation (Ortega et al., 2003 , Costa et al., 2011 . Earlier published reports show that dendritic cell-specific transmembrane protein (DC-STAMP) is a RANKL-induced protein that is indispensable for multinucleated osteoclast formation (Yagi et al., 2005) .
Natural products have widely been used as a novel source of small molecules for drug discovery. Several of the currently FDA approved drugs are either derived or based on them (Dias et al., 2012) . Recent reports suggest that various naturally occurring small molecules have bone protective effects both in vitro and in vivo. For instance, compounds such as daidzein (Fonseca and Ward, 2004) , eugenol (Deepak et al., 2015a) , piperine (Deepak et al., 2015b) , and β-cryptoxanthin (Uchiyama and Yamaguchi, 2005) have been reported to prevent bone loss and reduce osteoclastogenesis in vitro. Terpenes are a class of natural products abundantly present in medicinal plants and confer several pharmacological properties (Singh and Sharma, 2015) . Geraniol found in rose oil, palmarosa oil, and citronella oil is an acyclic monoterpene approved by the FDA for use as a synthetic flavoring and adjuvant for direct addition to food for human consumption (Chen and Viljoen, 2010) . Geraniol possesses anti-oxidative, anti-microbial (Tsai et al., 2011) , and anti-inflammatory activities (Medicherla et al., 2015) . Furthermore, it suppresses tumor growth by targeting cell cycle and apoptosis pathways (Kim et al., 2011) . However, to date the direct effects of geraniol on bone lytic cells have not been studied. In this study, we explored the anti-osteoclastogenic effects of geraniol and its underlying molecular mechanisms.
Materials and methods

Materials
Geraniol and all other reagents of research grade (unless mentioned otherwise) were obtained from Sigma Aldrich Inc. (St Louis, MO).
Cell culture of murine RAW264.7 macrophages RAW264.7 murine macrophages (#TIB-71) were purchased from American Type Culture Collection (ATCC, Rockville, MD) and maintained in Dulbecco's modified eagle medium with 10 % Fetal bovine serum (FBS) as described previously (Visagie et al., 2015) .
Isolation and cell culture of human CD14+ monocytes
Peripheral blood (40-60 ml) of healthy male donors (aged 18-35) was used to isolate monocytes by centrifugation on a Ficoll-Paque gradient and magnetically sorted using a CD14+ magnetic beads isolation kit as per manufacturer's instructions (Miltenyi Biotec, CA). Cells were cultured in α-MEM supplemented with 10 % FBS and incubated at 37°C in a humidified atmosphere with 7 % CO 2 as described previously (Deepak et al., 2015b) .
Alamar blue assay
Cells (5 × 10
3 ) were seeded in 96-well plates and allowed to adhere for 12 h followed by exposure to increasing concentrations of geraniol (7-23 µg/ml) for 48 h. Alamar blue assay was conducted as per manufacturer's instructions (Life Technologies, CA). Absorbance was measured at 570 nm with 600 nm as reference wavelength on a microplate reader (BioTek Instruments Inc., VT).
Osteoclast differentiation and TRAP staining RAW264.7 macrophages were differentiated into osteoclasts as previously described (Deepak et al., 2015a) . Briefly, 5 × 10 3 cells per well of a 96-well plate were stimulated with RANKL (R&D Systems, MN) alone (15 ng/ml) or in combination with increasing concentrations of geraniol (0-23 µg/ml). Cell culture media and factors were replaced every third day and differentiation was terminated on the fifth day unless otherwise stated.
CD14+ monocytes (5 × 10 4 ) were differentiated in the presence of M-CSF (25 ng/ml, R&D Systems, MN) and RANKL (30 ng/ml, Insight Biotechnology, Middlesex, UK) in 96-well plates for 14 days as described previously (Deepak et al., 2015b) .
Osteoclast specific TRAP staining was performed using a leukocyte acid-phosphatase kit as per manufacturer's directions (Sigma Aldrich, St Louis). TRAP+ cells with 3 or more nuclei were scored as osteoclasts. Photomicrographs were taken with a Zeiss Axiocam MRc5 camera attached to a Zeiss Axiovert 40 CFL microscope (Carl Zeiss AG, Oberkochen, Germany).
Resorption pit formation assay
The bone resorption activity of RANKL-induced osteoclasts derived from RAW264.7 macrophages was assessed using osteoassay plates as per manufacturer's instructions (Corning Inc, New York). Briefly, RAW264.7 macrophages (1.5 × 10 4 cells/well) were seeded onto Corning Osteo Assay 24-well plates. Cells were either seeded in the presence of 15 ng/ml RANKL alone or in combination with geraniol (23 µg/ml). Media and factors were replaced on days 3 and 6. After 8 days, cells were washed off the bottom of the plates with a 5 % bleach solution. Resorbed areas on the plates were captured with a Zeiss Axiocam ERc5 microscope attached to a Zeiss Axiocam MRc5 camera. Resorption pits were quantified by ImageJ software.
Actin ring formation assay
Actin rings of osteoclasts were detected by staining actin filaments with Atto-conjugated phalloidin as described previously (Visagie et al., 2015) . Briefly, RAW264.7 macrophages (5 × 10 3 cells/well) were seeded onto 96-well plates. After overnight attachment cells were either treated with 15 ng/ml RANKL alone or in combination with geraniol (23 µg/ml). Cells were differentiated for 5 days with a change of medium and factors after 3 days. Cells were washed with PBS and fixed with a 3.7 % formaldehyde solution. Cells were permeabilized with 0.2 % Triton X-100 in PBS for 10 min and were stained with fluorescent phalloidin conjugate solution for 40 min at room temperature. Actin rings were visualized using a Zeiss inverted Axiovert CFL40 microscope attached to a Zeiss Axiovert camera.
NF-kB secreted embryonic alkaline phosphatasepromoter (SEAP) assay pNiFty2-SEAP (Invivogen, CA) is an NF-κB-inducible reporter plasmid containing 5× NF-kB repeated transcription factor binding sites and a reporter gene-SEAP.
RAW264.7 macrophages were stably transfected with GeneCellin TM transfection reagent. Stably transfected clones containing SEAP plasmid were selected with Zeocin. For promoter assay the transfected cell line was stimulated with 35 ng/ml of RANKL in the presence or absence of geraniol and SEAP assay was conducted after 48 h as per manufacturer's protocol (Invivogen, CA). Briefly, following the incubation period, 10 µl of cell culture supernatant was transferred to a 96-well plate and incubated at 65°C for 5 min to inhibit endogenous alkaline phosphatase. Fifty µl of 1× dilution buffer, 100 µl of 1X assay buffer, 20 µl of 100 mM L-homoarginine, and 20 µl H 2 O was added to each well and further incubated at 37°C for 10 min. Staining Solution (20 µl) was added to each well and subsequently incubated at 37°C for 30 min followed by reading the plate at OD 405 nm. Readings from the control (without RANKL and inhibitor) were subtracted from each well to nullify the background activity.
RNA extraction and real time RT-PCR
Total RNA was isolated from cells using the TRI reagent and reverse transcribed into cDNA using M-MuLV Reverse Transcriptase (New England Biolabs, MA). Real-time PCR was performed to analyze the differential expression of selected osteoclastogenic genes using a Roche LightCycler Nano system (Roche Diagnostics, Switzerland) and SYBR Fast qPCR Master Mix (Kapa Biosystems, South Africa). The following primer sets were used: CTSK: (forward) 5′-CTGGAGGGCCAACTCAAGA-3′, (reverse) 5′-CCTC TGCATTTAGCTGCCTT-3′; TRAP: (forward) 5′-CCACC CTGAGATTTGTGGCT-3′, (reverse) 5′-ACATACCA GGGGATGTTGCG-3′; DC-STAMP: (forward) 5′-ATGA CTTGCAACCTAAGGGCAAAG-3′, (reverse) 5′-GTC TGGTTCCAAGAAACAAGGTCAT-3′; NFATC1 (forward) 5′-GTGGAGAAGCAGAGCAC-3′, (reverse) 5′-AC GCTGGTACTGGCTTC-3′; GAPDH (forward) 5′-GA TGACATCAAGAAGGTGGTGAAGC-3′, (reverse) 5′-AT ACCAGGAAATGAGCTTGACAAAG-3′. The values obtained from each sample were normalized to GAPDH (Glyceraldehyde-3-Phosphate Dehydrogenase) expression. The fold-change was calculated using 2 −ΔΔCT method.
Statistical analysis
Data are representative of three independent experiments and are represented as mean ± standard deviation (SD).
Statistical analysis was performed with one-way analysis of variance (ANOVA) followed by Bonferroni post hoc test using Graph Pad Prism Software (GraphPad Software Inc., CA). P < 0.05 was regarded as statistically significant.
Results
Effects of geraniol on the viability of CD14+ monocytes and RAW264.7 macrophages CD14+ monocytes and RAW264.7 macrophages were exposed to geraniol (7-23 µg/ml) to evaluate cell viability by alamar blue assay. Geraniol at the tested concentrations did not exert cytotoxic effects on the studied cell lines (Fig. 1a, b) , and hence downstream experiments were conducted amongst these concentrations.
Geraniol inhibits osteoclast differentiation in CD14+ monocytes and RAW264.7 macrophages
We employed human CD14+ monocytes as an ex vivo model and murine RAW264.7 macrophages as an in vitro model to study the effects of geraniol on osteoclast differentiation. Both the cell lines experienced a remarkable increase in TRAP+ multinucleated osteoclast formation in the presence of RANKL (Fig. 2a-d) . In contrast, geraniol dose-dependently blunted the differentiation of the progenitors into osteoclasts ( Fig. 2a-d ).
Geraniol inhibits actin ring formation and bone resorption
Cytoskeletal rearrangement and ruffled border formation is essential for osteoclasts to resorb bone. To investigate the inhibitory effects of geraniol on actin ring formation and bone resorption, we analyzed the effects of this compound by phalloidin staining and bone resorption assay on osteoassay plates. RANKL induced formation of clear and distinct actin rings in osteoclasts differentiated from RAW264.7 macrophages at the fifth day of differentiation (Fig. 3a) . In contrast, cells treated with geraniol (23 µg/ml) failed to fuse into multinucleated osteoclasts and thereby experienced an arrest in actin ring formation (Fig. 3a) . Concomitantly, absence of actin rings in geraniol-treated cells led to a complete abrogation in the resorptive potential of these cells when compared to RANKL-treated cells, showing more than 90 % resorption of the surface area (Fig. 3b) .
Geraniol suppresses RANKL-induced NF-kB activation
NF-kB pathway is a critical mediator of osteoclast differentiation. To investigate the anti-osteoclastogenic effects of geraniol, we conducted a NF-kB-secreted-alkaline phosphatase-promoter reporter assay (SEAP). pNiFty2-SEAP plasmid contains 5×-NF-kB repeated transcription factor binding sites. RAW264.7 macrophages stably transfected with the SEAP plasmid were co-treated either with RANKL or in the absence and presence of geraniol for 48 h. Intriguingly, geraniol significantly suppressed RANKL-induced NF-kB promoter activity at 15 and 23 µg/ml (Fig. 4) .
Geraniol reduces the mRNA expression of genes involved in osteoclast fusion and bone resorption
Binding of RANKL to its receptor RANK triggers the expression of genes critical for osteoclast formation and function. The induction of NFATc1 in osteoclast precursors is essential for osteoclast differentiation. DC-STAMP is crucial for the fusion of osteoclast progenitors whereas TRAP expression is regarded as an important marker of osteoclasts. CTSK is a lysosomal protease responsible for bone resorption mediated by mature osteoclasts. RANKL treatment upregulated the expression of CTSK (14 fold), TRAP (>50 fold), NFATc1 (8 fold) and DC-STAMP (12 fold) (Fig. 5) . On the contrary, co-exposure of these cells with geraniol (23 µg/ml) led to a significant downregulation in the expression of these genes (Fig. 5) .
Discussion
Bone formation and resorption is constantly maintained by the coupled action of osteoblasts and osteoclasts within the bone milieu (Hadjidakis and Androulakis, 2006) . Fig. 1 Effects of geraniol on cell viability of CD14+ monocytes and RAW264.7 macrophages. a CD14+ monocytes, b RAW264.7 macrophages were treated with indicated concentrations of geraniol for 48h and cell viability of proliferating cells was measured using alamar blue assay. The results are mean ± SD percent of control and are representative of three independent experiments performed in triplicate Fig. 2 Geraniol inhibits osteoclast formation. a, b CD14+ monocytes, c, d RAW264.7 macrophages were differentiated with RANKL alone or in combination with geraniol at indicated concentrations. TRAP staining images illustrating RANKL+Geraniol were exposed to geraniol at 23 µg/ml. Osteoclasts stain purple/pink in the presence of TRAP (scale bars: 50 µm). Results are representative of three independent experiments performed in triplicate. (***P < 0.001, *P < 0.05 vs. RANKL)
This dynamic interplay of formation and resorption is often abrogated during diseases such as chronic inflammation, osteoporosis, periodontitis, arthritis, and cancer (Mundy, 1999) . Unwarranted increase in osteoclast formation leads to heightened bone erosion rather than reduced osteoblast activity. Consequently, drugs that target osteoclast formation can prevent osteolytic diseases. The RANKL signaling pathway is crucial for osteoclast formation and is an important druggable target for developing therapeutics against pathological diseases of bone loss (Cote, 2015; Tat et al., 2009; McGrath, 2011) . In this study, we found that geraniol significantly alleviated the RANKL-induced osteoclast differentiation of RAW264.7 macrophages and CD14+ monocytes. Our results suggest that geraniolmediated anti-osteoclastogenic activity might be due to downregulation of NF-kB activation, and synergistic reduction in the expression of NFATc1 and other key osteoclastogenesis genes. Natural products possess potent pharmacological properties and have led to development of many drugs (Dias et al., 2012) . In search of novel anti-osteoclastogenic compounds we evaluated the efficacy of geraniol on osteoclast formation. We found that geraniol potently mitigated RANKL-induced TRAP+ osteoclast formation without exerting cytotoxic effects. Osteoclast formation involves fusion of progenitor cells and cytoskeleton rearrangement resulting in actin ring formation. These rings aid osteoclasts in attachment, sealing zone formation, and resorption of bone (Boyle et al., 2003) . We found that abrogated osteoclastogenesis in geraniol-treated cells led to failure in actin ring formation and inhibition of resorption pit formation.
NF-kB pathway plays a vital role in osteoclastogenesis (Soysa and Alles, 2009) . NF-kB knockout mice display severe osteopetrosis due to complete lack of osteoclasts Fig. 3 Geraniol inhibits actin ring formation and bone resorption. RAW264.7 macrophages were differentiated into osteoclasts in the presence of RANKL alone or with geraniol (23 µg/ml) and were stained for a actin ring formation with phalloidin (scale bars: 20 µm).
or b were tested for resorption pit formation on osteoassay plates (scale bars: 50 µm). Resorption percentages quantified with ImageJ are indicated in the figure   Fig. 4 Geraniol suppresses RANKL-induced NF-kB activation. RAW264.7 macrophages stably transfected with NF-kB-pNIFTY2-SEAP plasmids were either treated with RANKL alone or in combination with indicated concentrations of geraniol. SEAP activity from culture supernatants were measured after 48 h. Data shown is SEAP activity ± SD percent of control. Results are representative of three independent experiments performed in triplicate. (***P < 0.001, **P < 0.01 vs. RANKL) (Iotsova et al., 1997) . During osteoclastogenesis the NF-kB pathway is activated leading to downstream signaling events and osteoclast-specific gene expression (Strait et al., 2008) . Hence, targeting NF-kB activation could also lead to disruption in osteoclast formation and bone loss. It has been reported that several compounds targeting this pathway have bone protective properties and are capable of anabolic effects, including the estrogen, 17b-estradiol (Yamaguchi and Weitzmann, 2009) , piperine (Deepak et al., 2015b) and eugenol (Deepak et al., 2015a) . Our SEAP promoter assay results demonstrate that NF-kB was activated by RANKL, whereas geraniol perturbed this activation. These results suggested that suppression of NF-kB might be one of the mechanisms through which geraniol inhibited osteoclast formation.
During osteoclast differentiation RANKL-mediated induction of NFATc1, a master regulator of osteoclastogenesis, is a crucial event that leads to expression of several genes necessary for osteoclast differentiation (Takayanagi, 2007) . DC-STAMP is highly expressed by differentiating osteoclasts where it acts as a regulator of osteoclast cell fusion, but not by precursor macrophages (Yagi et al., 2005) . Multinucleated osteoclasts secrete proteolytic enzymes such as CTSK, which is directly involved in the breakdown of bone matrix (Delaisse et al., 2003; Ortega et al., 2003) . TRAP enzyme dephosphorylates bone sialoprotein and bone matrix phosphoproteins leading to osteoclast migration, and resorption (Ek-Rylander et al., 1994) . As a result, we assessed the effects of geraniol on the mRNA expression of NFATc1 and downstream genes.
Quantitative RT-PCR analysis showed that geraniol dramatically down-regulated the expression of NFATc1. In addition, other key osteoclast differentiation-related genes were down-regulated, such as DC-STAMP and TRAP possibly due to the inhibition of NFATc1 expression.
Conclusion
The results of this study provide evidence that geraniol inhibits osteoclastogenesis through the suppression of NF-kB activity, down-regulation of NFATc1 and expression of osteoclastogenic genes in a RANKL-induced osteoclast differentiation model. These findings may suggest a new application of geraniol for enhancing bone health. Further studies using in vivo osteoporotic models will be helpful in establishing the efficacy of geraniol as an anti-osteoclastogenic agent.
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